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Lipid profiles in wheat leaves and the effects of tan spot on the profiles were quantified by mass spectrometry. Inoculation with Pyrenophora tritici-repentis significantly reduced the amount of leaf lipids, including the major plastidic lipids monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG), which together accounted for 89% of the mass spectral signal of detected lipids in wheat leaves. Levels of these lipids in susceptible cultivars dropped much more quickly during infection than those in resistant cultivars. Furthermore, cultivars resistant or susceptible to tan spot displayed different lipid profiles; leaves of resistant cultivars had more MGDG and DGDG than susceptible ones, even in noninoculated plants. Lipid compositional data from leaves of 20 noninoculated winter wheat cultivars were regressed against an index of disease susceptibility and fitted with a linear model. This analysis demonstrated a significant relationship between resistance and levels of plastidic galactolipids and indicated that cultivars with high resistance to tan spot uniformly had more MGDG and DGDG than cultivars with high susceptibility. These findings suggest that lipid composition of wheat leaves may be a determining factor in the resistance response of cultivars to tan spot.
Wheat is an important source of calories for humans and animals. In the United States, wheat is consumed by humans in various products such as bread, pasta, and pizza. Worldwide wheat production in 2009 was estimated at 25 billion bushels, and 2.2 billion bushels were produced in the United States. Kansas produced 360 million bushels of wheat in 2010 (34) and over 400 million bushels in 12 of the last 33 years. However, exposure of wheat to abiotic stresses, such as drought, heat, and cold, can affect wheat production. Biotic agents, including insects, bacteria, and fungi, also reduce yields. Exposure to abiotic and biotic stresses can affect both wheat quality and quantity.
Tan spot, which is caused by the fungus Pyrenophora triticirepentis (Died.) Drechsler, is one of the major foliar diseases of wheat worldwide (7) , causing crop losses of up to 50% (27, 29) . Increases in disease incidence have been attributed to changes in cultural practices (16) such as shifts from conventional tillage to conservation and zero tillage, shorter crop rotations, continuous wheat cultivation, and the use of highly susceptible cultivars (4) . The fungus overwinters as fruiting bodies called pseudothecia that develop on the previous season's infected wheat residue on and above the soil surface. Pseudothecia release sexual spores (ascospores) in the spring, inducing the first infections of the growing season. Asexual spores (conidia) are produced on crop residue and from leaf spots. Conidia are dispersed by wind and germinate to infect wheat in a wide range of temperatures but infection requires continual leaf wetness for at least 6 h (22) . During the growing season, many conidia can form in the lesions, serving as secondary inoculum to produce an epidemic (21) .
Tan spot produces two main phenotypic symptoms on wheat leaves: necrosis and chlorosis. These symptoms are induced by at least three host-specific toxins designated Ptr ToxA, Ptr ToxB, and Ptr ToxC (30) . These toxins are important in the tan spotwheat pathosystem. The eight races of the fungus are classified based on virulence patterns, related to the putative production or nonproduction of these toxins, as deduced by effect of the fungi on a set of differential wheat lines or cultivars (17) . Ptr ToxA is the best-characterized toxin and was the first to be isolated (1, 32, 33) . It is responsible for the necrotic symptom on sensitive wheat genotypes and is a 13.2-kDa protein encoded by the ToxA gene (2, 4) . Ptr ToxB is also a small (6.6-kDa) protein molecule and is encoded by the ToxB gene; it induces chlorosis on sensitive wheat genotypes (31) . Ptr ToxC also induces chlorosis but on different wheat lines or cultivars (10). It is not proteinaceous like Ptr ToxA and Ptr ToxB but is a nonionic, polar, low-molecularmass molecule (9) .
In successful infections, the fungal ascospores or conidia germinate by forming a germ tube under free moisture when they land on wheat leaves. The germ tube produces a penetration peg which facilitates penetration of the epidermal cell. Infection can be either direct or indirect, such as through stomata, with the penetration peg forming a vesicle inside the leaf. Intercellular fungal hyphae grow and expand among the epidermal and mesophyll cells. The toxins produced by P. tritici-repentis enter cells and induce damage of cellular organelles (18) (http://www. apsnet.org/edcenter/intropp/lessons/fungi/ascomycetes/Pages/Tan Spot.aspx). Manning and Ciuffetti (20) suggest that Ptr ToxA is internalized in only sensitive wheat cultivars and, once internalized, it localizes to the chloroplasts. The Ptr ToxA protein is able to cross the plant plasma membrane from the apoplastic space to the interior of a plant cell, leading to cell death. Ciuffetti el al. (3) report that Ptr ToxA leads to a light-dependent reactive oxygen species accumulation that correlates with the presence of necrosis and modifies photosystem I and photosystem II in the absence of light. In the development of chlorosis in response to Ptr ToxB, the chlorophyll molecule is photooxidized and illuminated thylakoid membranes become unable to dissipate excess excitation energy (31). Kim et al. (15) report that Ptr ToxB inhibits photosynthesis in toxin-sensitive wheat lines and suggest that it induces alterations of the proteome level in host metabolism.
Lipids are often defined as biological compounds that are soluble in organic solvents (35) . In practice, the term "lipids" also includes fatty-acid-containing compounds such as highly glycosylated glycolipids that have limited solubility in organic solvents, and excludes hydrophobic molecules such as hydrophobic peptides which can be otherwise classified. Lipids are important to plants for energy storage and as protective "waxy" surfaces on cells and plant leaves, stems, and roots (11) . They form cell membranes, including those in which photosynthesis takes place, and serve as signal transduction messengers that influence plant growth, development, and response to stress (28) . Polar glycerolipids are an important group of membrane-forming lipids that typically contain two long-chain fatty acids esterified to glycerol, with a polar headgroup also attached to the glycerol.
Plants are constantly exposed to both abiotic and biotic stresses. Plant membrane lipids, particularly polar glycerolipids, may change as plants respond to these stresses, and the lipid changes may be intimately involved in mediating plant stress responses. For example, levels of unsaturated fatty acyl chains, including linolenic acid, change in response to temperature, affecting membrane fluidity and the ability of a plant to tolerate extreme temperatures (13, 37) . Linolenic acid also is involved in protein modifications in plants under heat stress (40) . Freezing tolerance also is enhanced by the presence of an activity, encoded by the gene SENSITIVE TO FREEZING2 (SFR2), which remodels the outer chloroplast membrane (23) . The enzyme transfers a galactosyl residue from a monogalactosyldiacylglycerol (MGDG) to a galactolipid accepter to form an oligogalactolipid and diacylglycerol. The biochemical activity of SFR2 causes a compositional change in the membrane that is likely to increase bilayer physical stability during freezing (23) . PA, formed from the hydrolysis of other phospholipids by the action of phospholipase D in plant stresses such as freezing and drought, can regulate the function of a number of proteins; for example, ABI1, a protein phosphatase involved in abscisic acid signaling (36, 41) . Finally, membrane lipids undergo modifications that produce lipid-derived signal molecules, such as jasmonic acid, that are critical to plant wound and disease responses (28).
As described above, the toxins produced by P. tritici-repentis interact closely with host tissues. The toxins can cause necrotic cell death, inhibition of photosynthesis, and induction of chlorosis in wheat leaves. The interactions of the fungus and its toxins with plant leaves involve interactions with membranes. Thus, it is likely that there are interactions among the fungus, wheat lipids, and wheat proteins that regulate lipid composition. A working hypothesis for this research was that the fungus-host interaction affects wheat leaf lipid metabolism, resulting in different membrane lipid compositions between leaves of diseased and healthy wheat cultivars. Therefore, one goal of the research was to determine whether infection by P. tritici-repentis affects the lipid profiles of wheat leaves. A second goal was to determine whether there was a difference in leaf lipid profiles among wheat cultivars susceptible or resistant to tan spot.
MATERIALS AND METHODS
Experiment number 1 plant material. Wheat (Triticum aestivum L.) seed were planted and the resulting seedlings grown for 1 month in the greenhouse [20 to 28°C, with supplemental light from high-pressure sodium lights (400 W)]. Experiments were conducted between November and April. Seedlings were grown in racks holding 2.5-by-13-cm plastic tubes (Stuewe and Sons, Tangent, OR) filled with a mixture of steam-sterilized soil and vermiculite (50:50). There were 48 treatments arranged in a randomized complete block design with five replications. An experimental unit was a single plant growing in a tube. Treatments included three resistant and three susceptible cultivars, with or without inoculation with P. tritici-repentis, and four harvest times after inoculation. Resistant cultivars were 'Betty', 'Jagger', and 'Karl 92' and susceptible cultivars were 'Larned', 'Newton', and 'TAM 105'. Tan spot susceptibility or resistance ratings are shown in Table 1 . Harvest times were 2, 4, 6, or 8 days after inoculation. The experiment was conducted twice.
Inoculum production and inoculation. Race 1 of P. triticirepentis was used. This race is the most abundant in the Great Plains of the United States, including Kansas, and produces ToxA and ToxC. Spores were produced by placing 0.5-cm 2 mycelial plugs of P. tritici-repentis from one-fourth-strength potato dextrose agar (1/4 PDA) in the center of plates of V-8 agar (150 ml of V-8 juice, 3 g of CaCO 3 , 15 g of agar, and 850 ml of distilled water). Plates were incubated in the dark at 21 to 24°C for 5 days until the colony reached ≈5 cm in diameter. Aerial mycelia were knocked down with a sterile, bent-glass rod and plates were incubated in the light (≈30 µE s -1 m -2 ) at 21 to 24°C for 12 h to produce conidiophores and then in the dark at 16°C for 12 h to produce conidia. Plants were inoculated when 1 month old. Spore suspensions were quantified using a hemacytometer and adjusted with distilled water to 10,000 spores/ml. A spore suspension (35 ml) was uniformly applied using a DeVilbis atomizer (Micromedics Inc., St. Paul, MN) per 30-by-60-cm rack holding two replications (96 tubes). Leaves were allowed to dry to stick spores to the leaves and the plants then placed into a mist chamber to maintain continual leaf wetness for 48 h at 20 to 28°C. After the mist treatment, plants were returned to the greenhouse bench (20 to 28°C).
Disease rating, harvest, and processing. At each sample time, leaves were rated for percent leaf area displaying chlorosis or necrosis (25) . After rating for leaf area affected by disease, lipid extraction was carried out according to the protocols published by the Kansas Lipidomics Research Center (5,39), with slight modifications as stated below. The first and second leaves of each plant were removed, quickly cut with scissors into 1-cm pieces, and immersed in 6 ml of preheated (75°C) isopropanol with 0.01% butylated hydroxytoluene (BHT). The extraction solvent was in a 50-ml glass tube with a Teflon-lined screw cap. Leaf pieces were incubated in the 75°C isopropanol for at least 30 min. In all, 3 ml of chloroform and 1 ml of water were then added to each tube and the tube was vortexed. Tubes were agitated in a shaking incubator at room temperature for 1 h. The lipid extracts were transferred to another glass tube using a glass pipette. Four more extractions of lipid using 4 ml of chloroform/methanol (2:1) with 0.01% BHT were carried out with shaking for 5 h or overnight until the leaves of the sample became white. Every sample had five extractions, including the one with the isopropanol. Samples were backwashed by adding 1 ml of 1 M KCl to the combined extract, vortexing, centrifuging (10 min at 1,000 rpm), and removing the upper phase. A second backwash involved adding 2 ml of water and repeating the backwash steps. All tubes were then evaporated under nitrogen. After complete evaporation, the extract was dissolved in 1 ml of chloroform. All extracts were stored at -75°C until lipid analysis. The remaining plant tissues were dried in an oven (105°C) overnight and weighed (in milligrams) to determine the dry extracted tissue mass. Quantification of lipids using mass spectrometry. An aliquot of the dissolved extract in 1 ml of chloroform was used for lipid analysis by mass spectrometry. For analysis, 150 to 300 µl of extract, dependent upon leaf dry weight, was combined with chloroform/methanol/300 mM ammonium acetate in water and internal standards. Complete information about internal standard additions, solvents, and mass spectral parameters are published (39, supplemental data at http://www.plantcell.org/content/suppl/ 2010/04/21/tpc.110.075333.DC1/Supplemental_Data_Final.pdf). The lipid extracts were analyzed by a triple-quadrupole mass spectrometer (API 4000; Applied Biosystems, Foster City, CA). Injections to the mass spectrometer were at the rate of 30 µl/min using an autosampler with a 1-ml sample loop (LC Mini PAL; CTC Analytics AG, Zwingen, Switzerland).
Lipid profiles in resistant and susceptible cultivars (experiment number 2). Twenty winter wheat cultivars were selected based on Kansas State University extension ratings and data from unpublished phenotypic experiments and ranged from resistant to susceptible to tan spot (6) ( Table 1) . Seedlings were grown in the greenhouse as described above for 1 month. A single seed was sown in each tube. The design was a randomized complete block with 20 treatments (cultivars) and five replications (three plants per replication).
For lipid extraction, the five extractions were performed as described above. After these five chloroform/methanol-based extractions, 4 ml of "solvent H" was added per tube and the tube
min, the upper phase was removed and discarded, the volume of the lower phase was measured, and BHT was added to a concentration of 0.01%. The clear lower phase with BHT 0.01% is solvent H. The solvent H extract of the wheat leaves was combined with previous chloroform/methanol extracts. The solvent H extraction, including the heating step, was repeated three more times, all extracts were combined, and no backwash was performed. Evaporation, drying, and weighing of leaves were as described above.
Data analysis. Data processing was carried out using a custom script and Applied Biosystems Analyst software. The amounts of lipid species were calculated using the software program Excel and the LipidomeDB Data Calculation Environment (http:// lipidome.bcf.ku.edu:9000/Lipidomics). Values are presented as mass spectral signal (intensity), normalized to internal standards, per milligram dry weight measured after lipid extraction, where a value of 1 refers to the same amount of mass spectral signal as 1 nmol of internal standards. There were no significant experimental repetition-treatment interactions that would preclude combining the two repetitions of experiment number 1; therefore, the two repetitions were merged. Also, within a resistance class ("resistant" or "susceptible"), there were no significant cultivarinoculation interactions that would preclude combining data from the three resistant cultivars and from the three susceptible cultivars. Therefore, data within a resistance class were pooled for experiment number 1. To determine the effect of resistance, inoculation, and time, linear models were fit to data using SAS (SAS Institute, Cary, NC). For each of the galactolipids (MGDG and digalactosyldiacylglycerol [DGDG]), four lines were compared. The four lines included resistant cultivars without inoculation, resistant cultivars with inoculation, susceptible cultivars without inoculation, and susceptible cultivars with inoculation. The amount of lipid was the independent variable and harvest time was the dependent variable. The resultant slopes of the lines were statistically compared (P = 0.05) using SAS. When the slopes of two lines were not significantly different, the equal-slopes model was used to compare the estimates of the intercepts (P = 0.05). For analysis of data from the experiment with 20 cultivars (experiment number 2), linear regression was used to determine the relationship between the amount of lipid and cultivar rating for tan spot resistance or susceptibility.
RESULTS

Lipids detected in wheat leaves (experiment number 1).
Two classes of galactolipids and nine classes of phospholipids in extracts from wheat leaves were detected by mass spectrometry (Fig. 1) . The galactolipids were monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG), and the phospholipids were phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylglycerol (PG), phosphatidylinositol (PI), phosphatidylserine (PS), phosphatidic acid (PA), lysophosphatidylcholine (LysoPC), lysophosphatidylethanolamine (LysoPE), and lysophosphatidylglycerol (LysoPG). Galactolipids were the major lipid components in wheat leaves, accounting for 89% of all lipid mass spectral signals, while the phospholipid classes were present in lesser amounts (Fig. 1) . PC was the most abundant phospholipid class. In both galactolipid classes (MGDG and DGDG), the major molecular species was 36:6, which has two linolenic acid moieties (di18:3). Lipid analytical results in the repeated experiment were similar.
Lipid class composition for healthy versus diseased and resistant versus susceptible plants (experiment number 1).
There were consistent differences in the amounts of galactolipids (MGDG and DGDG) between inoculated and noninoculated treatments. The susceptible cultivars showed a significantly faster decline of MGDG and DGDG with inoculation when compared with the noninoculated treatments for the same susceptible cultivars ( Figs. 2 and 3 ; Table 2 ; S+ versus S-). The negative slope of the linear model was 3.6 and 5.0 times steeper for the inoculated treatments versus the noninoculated treatments for MGDG and DGDG, respectively. Similar large differences in the rate of reduction of galactolipids were seen when comparing the slopes of the inoculated susceptible cultivars with those of the inoculated or noninoculated resistant cultivars ( Figs. 2 and 3 ; Table 2 ; S+ versus R+ or R-).
For MGDG, the slopes of the lines for the noninoculated susceptible cultivars, the inoculated resistant cultivars, and the noninoculated resistant cultivars were not significantly different from each other or from zero ( Fig. 2; Table 2 ; S-, R+, R-). However, the line for the noninoculated resistant cultivars was significantly above the line for the noninoculated susceptible cultivars (Table  2 ; R-versus S-).
For DGDG, the slopes of the lines for the noninoculated susceptible cultivars, the inoculated resistant cultivars, and the noninoculated resistant cultivars were not significantly different from each other ( Fig. 3; Table 2 ; S-, R+, R-). With this galactolipid, the slopes for the inoculated resistant cultivars and the noninoculated resistant cultivars were significantly different from zero but they were not very steep ( Fig. 3; R+, R-) . Although the slopes were not significantly different from each other, the line for the noninoculated resistant cultivars was significantly above the line for the noninoculated susceptible cultivars ( Fig. 3 ; Table 2 ; Rversus S-).
Correlation of lipid amount with tan spot resistance (experiment number 2). Results from experiment number 1 with six cultivars showed that noninoculated resistant cultivars had higher amounts of MGDG and DGDG compared with the noninoculated susceptible cultivars (Figs. 2 and 3 ; Table 2 ). Therefore, a second, expanded experiment involving 20 cultivars was conducted to corroborate that preliminary finding. The amounts of the major lipids were regressed against the disease phenotype rating for the cultivars. The cultivars had a range of reaction to tan spot from resistant to highly susceptible (Table 1 ). Figure 4 shows a significant (P < 0.0001) negative correlation between the amount of MGDG and the susceptibility rating. As the extension rating increased, the amount of MGDG decreased. There was a similar significant (P < 0.0001) negative correlation between the amount of DGDG and tan spot extension rating; the higher the rating, the lower the amount of DGDG (Fig. 5) .
DISCUSSION
The results presented here give evidence that a biotic stress can profoundly affect lipid profiles in plants. The results are the first documentation of the influence of the wheat leaf spot disease tan spot on lipids in wheat leaves. When comparing lipid profiles in diseased versus healthy plants, tan spot resulted in significant changes in lipid classes in some of the detected lipids (Table 2) . Healthy wheat leaves had more of the lipids MGDG and DGDG. Furthermore, reductions of >50% were observed for both lipids in inoculated susceptible cultivars 8 days after inoculation ( Figs. 2  and 3 ; S+). It is unknown whether the fungus itself degraded the lipids or whether it induced plant enzymes to degrade the lipids. Further research is needed to elucidate the answer to that question.
Plants interact with the biotic and abiotic environments and have systems to protect themselves against stresses. When exposed to stresses, their survival often depends on how fast they recognize and respond to these stresses (19) . The plasma membrane of a plant cell is often the first component where plants interact with environmental stresses. Early events in the interaction between plants and environmental stresses can involve activities such as a kinase signal transduction pathway, phytohormones, and the production of reactive oxygen species in the plasma membrane (19) . During these interactions, the composition of lipids in the cell membrane is changed.
There have been many studies involving changes in lipid profiles in plant cell membranes (13, 23, 37, 40) . However, most previous studies have focused on changes in plant lipid composition due to abiotic stresses. Important findings in membrane biology concern the relationship between lipid composition and how plants adjust to temperature stress (38) . In this regard, unsaturated fatty acids are linked to biochemical and physiological changes in plants exposed to chilling injury. Murata et al. (24) proposed a hypothesis that the level of unsaturated PG in chloroplast membranes determines the chilling sensitivity of plant species.
Results shown here are the first to correlate the amount of lipid moieties in wheat leaves with resistance level to tan spot. Wheat cultivars resistant or susceptible to tan spot showed different lipid profiles. For noninoculated treatments, the slopes of the lines for the galactolipids MGDG and DGDG were the same for resistant and susceptible cultivars and most were not significantly different from zero (Figs. 2 and 3; Table 2 ; R-versus S-). This indicates that the levels did not change over time in healthy leaves. However, the estimates of the intercepts showed that there were higher (P < 0.05) levels of those lipids in the resistant cultivars (Table 2; 96.5 versus 87.3 for MGDG and 54.7 versus 49.9 for DGDG). Similarly, the rates of reduction due to tan spot for the galactolipids were significantly different between resistant and susceptible cultivars. Resistant cultivars had a significantly slower loss (larger slope) of MGDG and DGDG compared with susceptible cultivars (Figs. 2 and 3 ; Table 2 ; R+ versus S+). Therefore, these results suggest that lipids in susceptible wheat cultivars are influenced by tan spot more than those in resistant cultivars and the disease results in faster degradation of galactolipids in susceptible cultivars.
The experiment using 20 cultivars corroborated the above finding of higher levels of the major lipids in resistant cultivars in noninoculated plants. There was a significant (P < 0.0001) linear relationship between the amounts of MGDG and DGDG in noninoculated wheat leaves and the level of resistance to tan spot (Figs. 4 and 5) . As the level of resistance increased (lower rating number), the level of MGDG and DGDG also increased. Using calculations from the linear equations, cultivars with a rating of 1 would have 66.1% more MGDG and 52.7% more DGDG than cultivars with a rating of 9 (Figs. 4 and 5) . MGDG and DGDG are major membrane constituents of chloroplasts and most abundant in plant leaves. They are indispensable for efficiency of photosynthetic light reactions. For example, Jarvis et al. (14) reported that MGDG synthase activity in the Arabidopsis mutant mgd1 was reduced by 50% relative to that of the wild type, thus reducing the amount of MGDG and chlorophyll. Similarly, dgd1 mutant plants contained 10% of the wild-type amount of DGDG and the mutant plants showed a strong reduction of photosynthetic capacity (8, 12, 26) .
Three kinds of host-specific toxins are involved in the pathogenesis of tan spot diseases. These toxins move into chloroplasts and interact with thylakoid membranes, causing inhibition of photosynthesis in wheat leaves (15, 20, 31) . Therefore, it may be that the toxins are responsible for the change in lipid profiles documented in this research. However, further research is needed to document this possibility.
In conclusion, data presented here are the first to quantify the effects of tan spot on lipids in wheat leaves. Data from timecourse experiments indicate that tan spot significantly reduced the amount of lipids, including the major lipids MGDG and DGDG, in leaves. This reduction was at a much higher rate for susceptible cultivars compared with resistant ones. Furthermore, data showed that cultivars resistant to tan spot have different lipid profiles when compared with susceptible cultivars. Resistant cultivars had more MGDG and DGDG than susceptible ones, even in noninoculated leaves. These findings are indirect evidence that the amounts of some lipids in wheat leaves are a determinant in the resistance response of cultivars to tan spot. However, further research is needed to corroborate this conclusion.
